ABSTRACT Hepatocytes isolated from livers of fasted rats form little glycogen from glucose or lactate at concentrations below 20 mM. Glycogen is formed in substantial quantities at a glucose concentration of 60 mM. In the presence of 10 mM glucose, 20-30% as much glycogen as glucose-is formed from fructose, sorbitol, or dihydroxyacetone. The addition of either glutamine, alanine, or asparagine stimulates the formation of glycogen from lactate 10-to 40-fold. The formation of glucose and glycogen is then about equal, and glycogen deposition in hepatocytes is similar to rates attained in vivo after fasted rats are refed. The amino acids stimulate 1.5-to 2-fold glycogen synthesis from fructose, and 2-to 4-fold synthesis from dihydroxyacetone. Ammonium chloride is about one-half as effective as amino acids in stimulating glycogen synthesis when glucose with lactate are substrates. It increased glycogen synthesis 25-50% from fructose but inhibited synthesis from dihydroxyacetone plus glucose. Isolated rat hepatocytes form glucose from numerous substrates at a rate similar to that in vivo, and such cells have served in recent years as a major preparation for the study of gluconeogenesis. However, attempts to obtain hepatocytes capable of efficient glycogen synthesis have not been successful. We set out to develop a hepatocyte preparation capable of synthesis, from common gluconeogenic substrates at moderate concentrations, similar to that obtained in vivo (1-2 ,tmol of glucose equivalents per min/g) within 1 hr after refeeding fasted rats. We report here that certain amino acids stimulate glycogen formation from lactate to this extent. Our findings suggest that certain amino acids or their derivatives may have a major role in the regulation of glycogen synthesis.
trations, similar to that obtained in vivo (1) (2) ,tmol of glucose equivalents per min/g) within 1 hr after refeeding fasted rats. We report here that certain amino acids stimulate glycogen formation from lactate to this extent. Our findings suggest that certain amino acids or their derivatives may have a major role in the regulation of glycogen synthesis.
METHODS
Male rats of the Sprague-Dawley strain which weighed 180-220 g were fasted for 24 hr. The rats were used for hepatocyte preparation without further treatment, or they were injected intraperitoneally with a solution, 1 ml/100 g of body weight, of either 5% glucose plus 5% fructose, or 1 mg/100 g of body weight of prednisolone succinate. They were anesthesized with nembutal and operated on 30 min after the injection of sugar and 1 hr after that of prednisolone.
Hepatocytes were prepared as previously described (1) except that the bile duct and adjacent vein were not ligated prior to cannulation of the portal vein. The yield from a 200 g rat was 6-8 ml of washed and lightly packed cells. Between 0.04 and 0.06 ml of cells were incubated in 3 ml of Krebs bicarbonate buffer, usually for 1 hr, in an atmosphere of 95% 02-5% CO2, at 380. Incubations were terminated by injecting perchloric acid to a 3% final concentration. Each substrate combination was incubated in duplicate, and results between them nearly always agreed to within 10%. Enzymatic procedures were used to determine glucose, fructose and lactate (1), urea and ammonia (2) , glutamate (3), glutamine (4), asparagine and aspartate (5) , and alanine (6) spectrophotometrically. Glycogen was determined according to Lust et al. (7) . To 0.5 ml of the perchloric acid extract (in small tubes), we added 0.25 ml of sodium hydroxide of sufficient molarity to bring the concentration to about 0.1 M in alkali. The covered tubes were boiled for 10 min (which destroyed the glucose and over 99% of the fructose). To the cooled solution, we added 0.25 ml of 1:1 mixture of 0.3 M acetic acid and 2 M acetate buffer at pH 4.5, containing 1 mg of glucosidase (Sigma Co., St. Louis, Mo.). The tubes were incubated for 2 hr at 450, and the glucose was determined spectrophotometrically. Results were identical with thoe obtained after alcoholic gycogen precipitation. The procedure is simple and quick and permits a reliable assay of less than 1 ,ug of glycogen, an amount not quantitatively precipitated.
A set of samples were used as previously described (1) 
RESULTS
Glycogen content of hepatocytes from fasted rats ranged from 0.1-5 ,mol/100 mg of protein. We first thought that this low content restricted glycogen deposition because of limited primer sites, and therefore injected one group of rats intraperitoneally with 5% glucose plus 5% fructose. Glycogen content of the liver increased within half an hour to 30-50 ,Amol/g per liver.
Most of this was lost in the preparation of the cells and the glycogen content of the hepatocytes usually ranged from below 0.1 to 10 ,umol of glucose equivalents per 100 mg of protein.
Prednisolone treatment (for 1 hr) in the absence of food had little effect on the glycogen content. There was no significant difference in the results between the treated and untreated rats. Our findings obtained with the three groups although reported separately, are essentially the same.
The quantity of glucose and glycogen formed from a number of different substrates is recorded in Table 1 . No glycogen was formed at 10 mM glucose and only a little at 20 mM. However, there was considerable glycogen deposition at higher concentrations confirming the observations of Seglen (8) . Seglen (8) and Walli et al. (9, 10 ) observed significant glycogen synthesis in perfused liver and hepatocytes from glucose plus fructose and we confirm their findings in hepatocytes. Sorbitol and dihydroxyacetone were similar to fructose. The quantity of glycogen formed was about one-fourth that of glucose formed from these compounds. Xylitol also served as glycogen precursor, but synthesis from this compound was more variable. There was no significant glycogen synthesis from lactate, either as sole substrate (not shown) or in the presence of glucose (Table  1) . Apparently glycogen synthesis occurs from compounds entering carbohydrate metabolism pathway at the point of triose-P or above, but not at the point of pyruvate. However, glycerol and glyceraldehyde were inferior to dihydroxyacetone as substrates for glycogen synthesis (not shown). Without the addition of glucose, the formation of glycogen from fructose or dihydroxyacetone was one-half or less than when glucose was initially added (not shown). Alanine was a less satisfactory precursor of glucose than lactate, but was a better precursor for glycogen with the ratio glycogen/glucose much higher from alanine than from lactate (Table 1 ). This observation led to a closer study of amino acids. We found that the addition of certain amino acids, most notably glutamine, had a profound effect on glycogen formation. In Table 2 the effects of NH4C1 and glutamine on carbohydrate synthesis from several substrates are shown. Glutamine stimulated markedly glycogen synthesis from all substrates, but the most dramatic was the effect with lactate plus glucose. The synthesis increased from near zero in the absence of glutamine to some 20-30 Mmol of glucose per 100 mg of cell protein per hr in its presence. Glutamine increased glycogen formation about 3-fold from glucose, and glucose plus dihydroxyacetone; glutamine increased glycogen formation nearly 2-fold from fructose plus glucose. Ammonium chloride markedly stimulated glycogen synthesis from glucose plus lactate to a level one-third to one-half that with glutamine but the stimulation In the period between 20 and 40 min, the rate of glycogen synthesis from lactate (Fig. 1B) (Fig. 1A) which was subsequently utilized (not shown).
In Table 3 (Table 4) . When added with glucose the same pattern persists and glycogen synthesis, while low, is much higher from glutamine than from the other amino acids.
The effect of ammonium chloride on the metabolism of lactate is striking. When added to lactate with glucose, it doubles lactate uptake, increases the formation of glucose, and greatly stimulates glycogen deposition (Table 4 ). The formation of labeled alanine, glutamic acid, and of glutamine was demonstrated by paper chromatography with cells incubated with
[14C]lactate. In contrast, when ammonia was added with glucose as the only substrate, there was very little amino acid synthesis, and nearly all the ammonia uptake could be accounted as urea (Table 4 ). The lack of formation of amino acids may account for the failure of ammonia to stimulate glycogen synthesis from glucose.
Maximal glycogen synthesis requires the presence of three components-glucose, lactate, (or other precursors as fructose or dihydroxyacetone), and amino acids. Alanine, glutamine, and asparagine, with glucose + lactate, are equally effective for glycogen formation, but glucose synthesis is considerably higher with asparagine (Table 4 ). The reason for this is not clear.
From the yield of urea and ammonia and the amino acid uptake and production, the contribution of the amino acid carbon to the synthesis of carbohydrate plus pyruvate oxidation can be calculated. In four experiments similar to those of Table  4 , glutamine contribution to carbon metabolized beyond the 3 carbon stage was small as compared to lactate. By one method of calculation the maximal contribution of glutamine carbon ranged from 12 to 25% (method I of Table 4 ), and by another (method II) from near zero to 10%. The contribution of asparagine was similar to that of glutamine. The contribution by alanine was higher, as much as one-half from lactate. The synthesis of urea (three ATP per nitrogen) requires nearly as much energy as carbohydrate synthesis. With glutamine and asparagine, much of the ATP can be derived from the oxidation of the five and four carbon dicarboxylic acids to the level of oxalacetate, but with alanine the extra energy must derive from the oxidation of pyruvate and acetyl-CoA. DISCUSSION It is generally held that liver of glycogen depleted animals removes glucose from the circulation at concentrations above a threshold of some 7-12 (8) or when the sodium in the medium was replaced by potassium (17) . With normal sodium media (17) , synthesis was limited even from 40 mM glucose. Better synthesis was obtained from glucose plus fructose (8, 10) . Walli and Schimassek (10) The mechanisms of the stimulation are yet obscure. The active compound could be glutamine or glutamate, or yet an unknown, most likely nitrogenous compound derived from glutamine(ate).
Two types of mechanism for stimulation appear possible: (i) the stimulant may act on one or several of the kinases or phosphatases which constitute part of the cascade of the phosphorylase and synthase system, as to increase the fraction of the synthase in the active dephospho form. (ii) The stimulant may be an allosteric ligand, depressing phosphorylase and/or increasing the activity of one or both forms of the synthase. It is generally held that the rate of glycogen synthesis is determined by the fraction of the synthase in the a (active) form. A perfect correlation between the fraction in the a form and glycogen synthesis in vivo and in vitro has been reported (17, 18 rate of glycogen synthesis was 3 ,tmol/min. Moreover the maximal enzyme rate, as assayed in the extract, is likely to exceed considerably that occurring in the cell. Some of the contradictions between in vivo and in vitro studies are resolved if we consider that there are two conditions for glycogen synthesis, which differ in their regulatory mechanism. First, glucose uptake and extensive glycogen deposition proceeds at very high glucose concentrations, as it occurs in portal blood after the ingestion of carbohydrate. Second, glycogen synthesis proceeds simultaneously with that of glucose from precursors such as fructose, glycerol, lactate, or amino acids of dietary or endogenous origin. The distribution of glycogenic flux between glucose and glycogen would depend, among other factors, on the presence of glutamine(ate) or their products.
We have established with hepatocytes of fasted rats that in the absence of amino acids the sole carbohydrate formed from lactate is glucose, but in the presence of amino acids similar amounts of glycogen and glucose are formed. Whether this is also true in vivo is unknown, and future studies are required to determine the physiological significance of our findings.
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